A hollow-core single-ring photonic crystal fiber (SR-PCF) consists of a ring of capillaries arranged around a central hollow core. Spinning the preform during drawing introduces a continuous helical twist, offering a novel means of controlling the modal properties of hollow-core SR-PCF. For example, twisting geometrically increases the effective axial propagation constant of the LP 01 -like modes of the capillaries, providing a means of optimizing the suppression of HOMs, which occurs when the LP 11 -like core mode phase-matches to the LP 01 -like modes of the surrounding capillaries. (In a straight fiber, optimum suppression occurs for a capillary-to-core diameter ratio d ∕D 0.682.) Twisting also introduces circular birefringence (to be studied in a future Letter) and has a remarkable effect on the transverse intensity profiles of the higher-order core modes, forcing the two-lobed LP 11 -like mode in the untwisted fiber to become three-fold symmetric in the twisted case. These phenomena are explored by means of extensive numerical modeling, an analytical model, and a series of experiments. Prism-assisted side-coupling is used to measure the losses, refractive indices, and near-field patterns of individual fiber modes in both the straight and twisted cases. A hollow-core photonic crystal fiber (HC-PCF) has opened up a wide range of new applications for optical fibers, for example, in the delivery of high-power laser light [1], pulse compression [2], and enhanced gas-light interactions [3, 4] . HC-PCFs are primarily divided into two types based on their guidance mechanism, namely, photonic bandgap and anti-resonant reflection (ARR) [5] . A common example of an ARR-PCF is kagomé-PCF [6], which offers relatively low transmission loss over broad spectral ranges in the visible and near-infrared. Stacking a kagomé-PCF preform requires a large number of capillaries, but renders the production cumbersome and time-consuming. In addition, optical resonances in the many struts and junctions in the extended kagomé-PCF cladding phase-match to the core mode at certain wavelengths, giving rise to loss peaks that degrade the flatness of the transmission spectrum.
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Recently, simpler ARR-PCF structures have been introduced in which the number of cladding unit cells is reduced to a single ring of capillaries surrounding the core [ Fig. 1(a) ] [7] [8] [9] [10] . These capillaries are designed as anti-resonant elements that block leakage of the LP 01 -like core mode [10, 11] . Impressively low losses can be reached with these very simple structures [9] .
Although an SR-PCF is easier to fabricate than the structurally more complex kagomé-PCF, and does not suffer from a multiplicity of cladding resonances, it generally supports several HOMs with losses that are often comparable to those of the LP 01 -like core mode. This makes it difficult to launch a pure fundamental mode, as required in many applications. Several recent studies have tried to address this issue using a range of different approaches.
One such technique is based on phase-matching the LP 11 -like core mode to the LP 01 -like modes of the capillaries, thus providing a leakage channel for HOMs. Optimum HOM suppression for hollow core fibers turns out to occur at d ∕D 0.682, where d is the inner diameter of the capillaries, and D is the core diameter [12] . The fabrication tolerances for reaching this condition, however, are very stringent-often the capillaries end up being too small. It is also important to suppress phase-matching to resonances in the capillary walls, which give rise to bands of high loss in the transmission spectrum. The fundamental (longest wavelength) band occurs at λ 0 2hn 2 g − 1 0.5 , where n g is the refractive index of the glass (∼1.46), and h is the wall thickness. For example, if it is desired to guide light down to 400 nm, h must be thinner than 188 nm. The requirement for very thin capillary walls makes it even more challenging to reach d ∕D 0.682. When d ∕D is sub-optimal, the modal refractive index of the LP 11 -like core mode is higher than the index of the LP 01 -like capillary modes.
Here we report that this difficulty can be overcome by introducing a helical twist, with a precise pitch, during the drawing process. A similar procedure has been used to strip off HOMs in solid-core fibers, using one or more satellite cores that spiral around a straight central core, rendering the core effectively single mode [13] . For an off-axis field lobe that is forced by the microstructure to follow a spiral path, twisting has the effect of geometrically increasing its effective path length (and, thus, its modal index) along the fiber axis by a factor 1 α 2 ρ 2 0.5 , where α 2π∕L is the twist rate, L is the helical pitch, and ρ is the distance from the fiber axis [14, 15] . As a result, the index of the capillary modes is increased by a factor
0.5 and that of the LP 11 -like core mode
, where ρ L γD is the radial position of the lobes, and γ is a numerical factor (see below).
In addition, because its individual field lobes are strongly coupled to each other, the LP 11 -like core mode will transform into a helical Bloch mode in the twisted fiber, with azimuthal harmonics of the orbital angular momentum (OAM) order l m l 0 mN , where l 0 is the order of the principal (strongest) harmonic, m is the harmonic order, and N is the number of field lobes [16] . The mth harmonic will have an axial refractive index greater by an amount l m αλ∕2π than in the straight fiber. (This does not occur in the ring of capillaries because they are only very weakly coupled, if at all.)
Combining all these effects yields a condition at which the indices of the higher-order core mode and capillary mode match:
where
are the modal indices of the LP 01 and LP 11 modes in a straight capillary, and u kl is the l th zero of a Bessel function of order k and the correction factors f 11 1.077 and f 01 0.991 (these values remain valid for all the d ∕D values reported in this Letter) [12, 17] . Recognizing that the second terms under the square-roots are all much less than unity, and taking terms up to the first order, Eq. (1) can be re-cast in the form
and ξ 0 u 01 f 11 ∕u 11 f 01 is the optimal value of ξ d ∕D at a zero twist rate. Armed with this analytical model as a guide, we carried out a series of experiments and numerical simulations, comparing the properties of the modes in the twisted and untwisted versions of the same single-ring HC-PCF structure.
The fibers were fabricated using a modified version of the two-step stack-and-draw technique. The structure was first stacked by placing capillaries at the vertices of a jacket tube with a hexagonal inner profile and holding them in place by two central support rods, one at each end of the stack [ Fig. 1(b) ]. This structure was first drawn down to an intermediate cane of outer diameter ∼2 mm, which was then spun around its axis while being drawn down to the fiber [16] . The twist rate is set by the drawing and rotation speeds, and long lengths (limited only by size of the cane) of a twisted single-ring HC-PCF could be drawn with minimal structural distortion. Twisted and untwisted SR-PCFs were drawn with the structural parameters listed in Fig. 1, yielding d ∕D 0 .533, which is suboptimal for HOM suppression in the an untwisted fiber at 1064 nm. The twisted fiber had α 0.505 rad∕mm, which is within 4% of the optimum value for HOM suppression (0.514 rad/mm). With further technical development, it should be possible to hit the exact twist rate by precisely measuring d ∕D during drawing and adjusting the rotation rate accordingly.
The fiber modes were characterized using prism-assisted side-coupling, which allows light to be fed precisely into a selected individual fiber mode, provided it is leaky enough [18] . The effective modal refractive indices, losses, and associated modal patterns of the HOMs can then be studied in detail. The experiment involves placing a wedge prism (face slanted at 1.1°) on the side of the SR-PCF with a layer of indexmatching fluid in between. Light from a 1064 nm diode laser was coupled into a commercially available single-mode fiber (SMF), the output of which was collimated to a full-width at half-maximum beam width of 2 mm. This beam was then arranged to be incident on the slanted face of the wedge prism, at an angle ψ to its face normal, and focused on a line parallel to the fiber axis using a cylindrical lens (focal length of 30 mm). The SMF and the lens were mounted together on a rotation stage so as to allow ψ to be precisely varied.
As ψ is increased, successive HOMs are excited when the wavevector component along the fiber axis matches the wavevector of a mode. The near-field intensity profiles of the modes can then be imaged at the fiber end using a CCD camera. Unlike end-fire coupling, where precise matching of the modal profile is essential if excitation of unwanted modes is to be avoided, prism-assisted side-coupling allows pure HOMs to be selectively excited without prior knowledge of their field profile. Once a mode is optimally excited, its modal refractive index can be calculated [18] from the measured beam angle, taking careful account of refractive indices at 1064 nm (1.4496 for the silica glass prism at 1064 nm and 1.0003 for air). The procedure is then repeated for different fiber lengths, allowing the loss of each mode to be evaluated with good accuracy. Figure 3 plots the measured propagation losses and modal refractive indices of the modes in the twisted and untwisted SR-PCF, and the corresponding near-field mode profiles are shown in Figs. 4(a) and 4(b) . In the untwisted case, it is fairly straightforward to identify the modes and label them using the LP kl notation, where k and l are the azimuthal and radial orders, respectively [ Figs. 3(a) and 4(a) ].
In the twisted case, however, it is more difficult to identify the HOMs using the LP notation, because they are strongly affected by the twist. Nevertheless, it is possible to arrange them in groups with similar-looking field profiles, as is done in Fig. 4(b) . Group 1 (containing 1a, 1b, and 1c) modes have three-fold symmetry, whereas Group 2 (2a and 2b) modes have six-fold symmetry. Mode 3 is somewhat difficult to identify, but mode 4 clearly has some similarity with an LP 32 mode.
The evolution of the modal Poynting vector distribution of the first HOM [Group 1 in Fig. 3(b) ] with an increasing twist rate is explored numerically in Fig. 4(c) . It evolves from a double-lobed pattern through a doughnut shape at 0.150 rad/mm to a triple-lobed mode at 0.505 rad/mm. The fundamental LP 01 -like mode remains unaffected.
To understand the results in Fig. 3(b) , it is necessary first to realize that the both axial and azimuthal phase-matching must be satisfied for prism coupling to work. The additional azimuthal component of momentum comes from the slanted capillaries, which act as a long-period grating (Fig. 5) . The azimuthal component of the refractive index at point P can be written in the form
where m is the diffracted order, n prism the index set by the prism, θ ≃ αΛ is the slant angle of the capillaries, and ϕ is a possible angular deviation of the incident rays from the fiber axis, caused by prism misalignment or the angular spread of the incident beam. In order to excite an OAM mode of order l, m and ϕ must satisfy the equation l N Λ 0 n prism ∕λ sin ϕ m∕Λ, where Λ 0 is the distance between the adjacent field lobes of a core mode with N -fold rotational symmetry, i.e., N Λ 0 ≈ 2πγD. The axial refractive index component of the mode is then given by n z ≃ n prism mαλ; (6) where the approximation cos ϕ ≈ 1 has been used. This equation shows that the modal index measured by the prism will be smaller than its actual value by mαλ, where m increases by approximately 1 for modes with a successively higher OAM order. (Note that the negative values of m which, in our definition, imply higher values of the axial index, are unlikely to result in excitation of a mode because there is less field penetration outside the core, making prism coupling much less efficient.)
The predictions of Eq. (6) are confirmed by the measurements in Fig. 3(b) , where the index spacing between successive modes corresponds approximately to multiples of αλ 5.3 × 10 −4 . Between modes 1a and 1b, the index measured by the prism falls by roughly twice this amount, which we tentatively attribute to uncertainties in the angle ϕ.
Although all of the HOMs experience higher loss in the twisted fiber, for pure single-mode operation it is most important that the LP 11 -like mode is strongly suppressed, since it is the one most easily excited by end-fire coupling. Comparing the twisted and untwisted cases (Fig. 3) , it is clear that the LP 11 mode is indeed strongly suppressed by twisting. While the measured loss of the fundamental mode is practically unaffected by the twist (1.1 dB/m [untwisted] versus 1.2 dB/m [twisted]), the overall HOM loss increase is >12 dB∕m. The calculated losses for the LP 01 and LP 11 modes in the untwisted case are 1.0 and 2.8 dB/m, respectively.
In Fig. 6 , the calculated wavelength dependence of the figure-of-merit for LP 11 -like mode suppression, defined as FOM 11 α 11 − α 01 ∕α 11 α 01 ), is plotted. (FOM 11 1 indicates perfect LP 11 -like mode suppression.) There is good agreement between the predicted (∼0.87) and measured (0.91) values of FOM 11 , even though the experimental error in measuring the fundamental mode loss is quite high, since the loss is so low, and the fiber length is short.
In conclusion, twisting provides a novel additional design tool for manipulating the modal properties of SR-PCFs. It induces a geometrical increase in path length for the capillary modes, making it possible to phase-match them to an LP 11 -like core mode, even when the d ∕D value is sub-optimal, rendering the fiber effectively single-mode. By appropriate design (for example, by arranging that d ∕D > 0.682 or by achieving higher twist rates), it should be possible to suppress the fundamental mode by twisting, while maintaining a low loss LP 11 -like mode.
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